The present study compared the recently developed multilocus sequence typing (MLST) approach with a well-established molecular typing technique, pulsed-field gel electrophoresis (PFGE), for subspecies differentiation of Enterococcus faecalis isolates. We sequenced intragenic regions of three E. faecalis antigen-encoding genes (ace, encoding a collagen and laminin adhesin; efaA, encoding an endocarditis antigen; and salA, encoding a cell wall associated antigen) and one housekeeping gene (pyrC) of 22 E. faecalis isolates chosen largely for their temporal and geographical diversity, but also including some outbreak isolates. MLST analysis of polymorphic regions of these four genes identified 13 distinct sequence types (STs) with different allelic profiles; the composite sequences generated from the four sequenced gene fragments of individual isolates showed 98.3 to 100% identity among the 22 isolates. We also found that the allelic profiles from two sequences, ace and salA, were sufficient to distinguish all 13 STs of this study. The 13 STs corresponded to 12 different PFGE types, with one previously designated PFGE clone (a widespread U.S. clone of ␤-lactamaseproducing isolates) being classified into two highly related STs which differed at 2 of 2,894 bases, both in the same allele. MLST also confirmed the clonal relationships among the isolates of two other PFGE clonal groups, including vancomycin resistant isolates. Thus, this pilot study with representative E. faecalis isolates suggests that, similar to PFGE, the sequence-based typing method may be useful for differentiating isolates of E. faecalis to the subspecies level in addition to identifying outbreak isolates.
Enterococci, normal gut commensals, were recognized as a causative agent of endocarditis and urinary tract infections in ca. 1900 and have also been reported as a common cause of nosocomial infections since the 1970s (25, 26) . Recently, accumulation of antibiotic resistances has made enterococcal infections a life-threatening clinical challenge, and thus, the methods that distinguish an outbreak from an endogenous strain have become important for designing strategies to prevent and control outbreaks (24, 26) . A number of phenotypic or genotypic typing methods (including biochemical typing, serotyping, multilocus enzyme electrophoresis [MLEE] , phage typing, insertion sequence element-based typing, pulsed-field gel electrophoresis [PFGE] , restriction fragment length polymorphism [RFLP] analysis, ribotyping, repetitive sequence-based PCR, arbitrary primed PCR, and random amplification of polymorphic DNA) have been applied to the epidemiological investigations of Enterococcus faecalis (2-4, 6, 14, 18, 22, 28, 35, 40, 47, 48) . These molecular and epidemiological studies have provided valuable information and clarified some misconceptions regarding E. faecalis infections, such as demonstrating that some E. faecalis infections are caused by nosocomial transmission of outbreak strains rather than arising from the patient's own prehospitalization intestinal flora. Among the known enterococcal molecular typing methods, PFGE has proven to be a highly reproducible and accurate typing method, which can distinguish clonal populations, and hence is considered a "gold standard" for subspecies discrimination of E. faecalis clinical isolates. However, the results obtained by PFGE are not readily transportable, making it difficult to compare results among different laboratories and thus limiting studies involving interlaboratory comparisons.
Microbial genome sequencing programs have provided enormous data for easy identification of species-specific genes. This, together with rapid automated DNA sequencing, has generated considerable interest in DNA sequence-based typing methods. A few recent studies have used variable intragenic sequences (flanked by highly conserved regions) of either a single gene or two genes and reported their usefulness in strain differentiation. These include the hsp65 gene (which encodes a 65-kDa heat shock protein) of Mycobacterium scrofulaceum, the porB gene (which encodes an outer membrane porin protein) of Neisseria meningitidis, and repeat regions of the spaA (which encodes protein A) as well as the coa (which encodes coagulase) genes of Staphylococcus aureus and the emm gene (which encodes an M protein) of Streptococcus pyogenes (1, 33, 38, 39, 41, 42, 44, 45) .
Recently, multilocus sequence typing (MLST) was developed for identification of clonal complexes within bacterial populations and has been used successfully for molecular epidemiological analysis of N. meningitidis, Streptococcus pneumoniae, S. aureus, S. pyogenes, and Campylobacter jejuni (7, 9, 11, 12, 21) . MLST typically characterizes isolates of bacteria using ϳ400 to 500 bp of intragenic sequences of six to seven housekeeping genes or loci, and thus, MLST is similar in principle to MLEE, but with greater sensitivity due to its ability to detect neutral genetic variations. This method distinguishes strains based on the observed allelic variations in the nucleotide sequences of several loci, rather than the degree of sequence variation in any single gene or locus. MLST and other the DNA sequence-based typing methods have been suggested as offering advantage over other techniques because (i) the data are objective and readily comparable between laboratories, (ii) the data can be stored in a shared central database to provide a broader resource for epidemiological studies, and (iii) evolutionary genetic analyses can be performed. At the same time, DNA sequencing is expensive when compared to PFGE and considerable technical skill and knowledge in sequence analysis is critical for typing the isolates (32) .
In the present study, we have evaluated the discriminatory ability of a sequence-based typing method and compared the results to those obtained with PFGE. Internal fragments of three antigen-encoding genes that were detected with E. faecalis-infected patient sera and an internal fragment of one pyrimidine biosynthesis gene were used for the MLST analysis.
The MLST generated sequence types were found to be comparable to types or clones identified with PFGE.
MATERIALS AND METHODS
Bacterial isolates. A total of 22 E. faecalis isolates from different geographic locations were chosen for this study, primarily because they had been previously studied by us using one or more other typing techniques (Table 1) . A collection of eight ␤-lactamase-producing (Bla ϩ ) isolates that were recovered from five cities in the United States (four isolates from the same hospital) during an 11-year period (1981 through 1991), three additional Bla ϩ isolates from a single hospital in Argentina (isolated between June and September of 1989), and one Bla ϩ isolate from Lebanon (isolated in 1989) that were previously analyzed by PFGE and MLEE were included (27-29, 34, 48) . Six other isolates were vancomycin resistant, including five clinical isolates from a single hospital (of which three isolates were part of a single outbreak) in the United States (5) and one nonclinical isolate collected from Spain isolated from chicken products (37) . Two isolates with high-level aminoglycoside resistance were from Thailand (14, 28) , and two commonly used laboratory isolates of E. faecalis OG1RF (ATCC 47077) and JH2-2 were also included in this study (14, 17, 22, 23, 30) .
PFGE. PFGE was performed with some modifications of a previously described method (14, 28) . Agarose plugs containing genomic DNA were digested with SmaI (Gibco, BRL, Gaithersburg, Md.), and electrophoresis was carried out using a clamped homogeneous electric field (CHEF-DRII device; Bio-Rad Laboratories, Richmond, Calif.), with ramped pulse times beginning with 5 s and ending with 45 s, at 200 V for 26 h. The gels were stained with ethidium bromide (0.4 g/ml) for 30 min and photographed. The PFGE patterns were interpreted using the criteria suggested by Tenover et al. (46) , with closely and possibly related patterns being designated as belonging to a single clone. PFGE pattern names that were presented in earlier publications are used here.
Genomic DNA isolation; PCR; and DNA sequencing of ace, efaA, pyrC, and 
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salA. Genomic DNA was extracted from E. faecalis isolates freshly streaked from freezer vials and cultured in brain heart infusion broth. Genomic DNA was isolated by the hexadecyltrimethyl ammonium bromide method as described previously (22) . We chose internal regions of three E. faecalis antigen-encoding genes (ace, efaA, and salA) and one housekeeping gene (pyrC) for sequencing. These four loci were chosen primarily because all these genes were well studied in our laboratory (8, 19, 31, 43) , and the sequence diversity of the region coding for the A domain of ace has been recognized in our earlier study (31) . The open reading frame (ORF) sizes of the four chosen loci are listed in Table 2 . The internal gene fragments of ace, which encode a collagen and laminin adhesin (959 bp [890 bp for one isolate due to a 69-bp deletion] [31, 36] ); efaA, which encodes an endocarditis antigen (693 bp [20] ); pyrC, which encodes a dihydroorotase (320 bp [19] ); and salA, which encodes a cell wall-associated antigen (F. Teng, B. E. Murray, and G. M. Weinstock, unpublished data) (919 or 922 bp, due to a 3-bp in-frame deletion in some isolates) were amplified using the optimized buffer B (1ϫ buffer: 60 mM Tris-HCl [pH 8.5], 15 mM ammonium sulfate, 2 mM MgCl 2 ) obtained from Invitrogen (San Diego, Calif.). PCR was performed in volumes of 50 l, with an initial denaturation at 94°C for 2 min, followed by 30 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min 30 s (72°C for 45 s for pyrC) and a final extension of 72°C for 7 min. The PCR primers used for amplification and sequencing of all four genes are listed in Table 2 . Our initial attempts with ace amplification primers were unsuccessful for three strains, namely, TX2486, TX2487a, and TX2490, subsequently found to be due to variations in the ace gene at the reverse primer region. The ace amplicon for these strains was amplified using ace forward PCR primer (Table 2 ) and reverse primer with the sequence 5Ј-ATTTAATTTTTGAATTGGTTCACTAAGCAG-3Ј (located at positions 1896 to 1867, relative to the start codon). The PCR amplicons were purified using the Wizard PCR DNA Cleanup System (Promega Corporation, Madison, Wis.). Sequencing of both strands of the amplified fragments was achieved using an Applied Biosystems Prism 377 automated DNA sequencer using the Taq Dye-Deoxy terminator method (PE Applied Biosystems, Foster City, Calif.). Sequences were assembled using SeqMan program of DNASTAR software (Lasergene, Madison, Wis.). Sequence analysis. Multiple sequence alignments of the 22 isolates for the four gene fragments (ace, efaA, pyrC, and salA) were done by the Jotun Hein method (16) using the MegAlign program of DNASTAR software. A 2,894-bp (for 10 strains), 2,891-bp (for 11 strains), 2,822-bp (for one strain) nucleotide composite sequence (derived from four concatenated gene fragments) was also aligned by the MegAlign program. Phylogenetic trees (cladograms) based on the matrix of pairwise sequence divergence were constructed using the MegAlign program.
Allele and sequence type (ST) assignment. In order to identify the nucleotide variation in the above gene fragments, sequences from the different isolates were compared to the corresponding sequences in the well-studied E. faecalis strain OG1RF (30) . Each gene sequence differing by one or more nucleotides was considered to be a different allele (no weight was given to the degree of sequence divergence between alleles, although the alleles that differed by a single nucleotide were denoted as single nucleotide variants [SNVs]), and the distinct allelic sequences were assigned an arbitrary letter designation in the order of the number of base pairs that varied with respect to the OG1RF sequence. The alleles at the four loci provided the allelic profile, which defined the ST for each isolate. Isolates showing identical allelic profiles in the four gene fragments were assigned to the same ST, and those with a difference in their allelic profile were assigned to a different ST. The relatedness among the strains was analyzed by constructing a dendrogram based on the matrix of pairwise differences in the allelic sequences by the unweighted pair group method with arithmetic averages (UPGMA) method.
RESULTS AND DISCUSSION
Among known phylogenetic typing methods, PFGE and MLST, which are based on multiple sites and loci scattered around the chromosome, have consistently been shown to be capable of discriminating isolates at the subspecies level, although in different ways. PFGE is particularly useful for distinguishing strains circulating within a geographical location (microvariation) and is based on the selected variable regions of the genome (9, 15) . MLST is based on variations that accumulate slowly and appears more suitable for long-term and global epidemiology (macrovariation) (9, 10, 15) . However, in both methods, the relative rates of nucleotide substitutions and/or recombination occurring in nature set the limitations of phylogenetic analysis, and there are insufficient experiential data to establish these rates for enterococci.
Choice of loci. Since it is impractical to sequence large or multiple regions of the chromosome, we chose loci we had previously studied (ace, efaA, pyrC, and salA) and that had been shown to be present in all E. faecalis strains tested; indeed, hybridization with ace and efaA probes had proven useful in differentiating E. faecalis from other species (8, 43) . On the basis of the E. faecalis V583 complete genome sequence (available at http://www.tigr.org [The Institute for Genomic Research, Rockville, Md.]), we derived the physical map shown in Fig. 1 , which illustrates that the loci chosen were spread around the chromosome and the distance between any two loci is ranged from 328 to 1,355 kb. PFGE fingerprinting. PFGE with SmaI yielded Ͻ20 visible bands for each isolate (data not shown). As per the recommendations described by Tenover et al. (46) , including closely and possibly related patterns, a total of 12 PFGE types, 3 of which contained three or more isolates, were recognized. Seven of the twelve Bla ϩ isolates were classified as belonging to the same clonal group (PFGE pattern 5); two of these strains showed an identical pattern (TX0614 and TX0615), while others (TX0616, TX0617, TX0638, TX0669, and TX0921) showed patterns with three to six band differences, depending on which two isolates were being compared. Among three Argentinean Bla ϩ isolates, TX0630 and TX0633 showed an identical PFGE pattern, while TX0631 showed a pattern almost identical to these two (classified as PFGE pattern 19) (27) . Similarly, three of the five vancomycin-resistant Houston isolates were classified as clonally related (PFGE pattern 1). These results are in agreement with our earlier studies (5, 14, 18, 22, 28, 29, 37, 48) .
MLST typing. The length of the loci used for allele assignment in our MLST scheme was between 959 bp (ace) and 320 bp (pyrC). The total length of the four sequenced loci of this study approximates the total length of six loci common to several other MLST studies. Variable sites of different alleles of the four sequenced loci are presented in Fig. 2A , and the phylogenetic trees based on the matrix of pairwise divergence in these sequences are shown in Fig. 2B . Nine unique alleles were identified for three of the loci, while only five alleles were identified for the pyrC locus, likely because of the smaller region evaluated (Table 3 ; Fig. 2 ). Allelic profiles of the four loci identified 13 STs among the 22 isolates (Table 1) . A dendrogram drawn from allelic profiles by the UPGMA method demonstrated four (ST-6, ST-7, ST-9, and ST-12) of the 13 STs contain more than one isolate (Fig. 3a) . ST-6 and ST-7 as well as ST-2 and ST-12 differed by variation at a single locus.
The percentage of variable sites in a given locus ranged from 1.3 (efaA) to 5.6 (ace). A 69-bp in-frame deletion was detected in the ace locus of a Bla ϩ isolate (allele I) from Connecticut. Eight of nine alleles of the efaA locus differed by a single nucleotide, and they were designated SNV alleles (Table 3) . Similarly, four of the five alleles of the pyrC locus are SNV alleles, and the fifth allele has five nucleotide changes (Bla ϩ isolate from Lebanon). In the salA locus, a 3-bp in-frame deletion was observed in 55% of the isolates. The nucleotide changes which alter the amino acid sequence are indicated as nonsynonymous base substitutions and the nucleotide changes which do not alter the amino acid sequence are indicated as synonymous base substitutions ( Fig. 2A) .
Composite sequence-based typing. In order to determine the overall divergence of the sequenced gene fragments of the four loci studied, these sequences were spliced together to obtain a concatenated composite sequence for each of the isolates. For calculating the percentage of identity or divergence, in-frame insertions or deletions were not taken into account. A cladogram created from the matrix of pairwise sequence divergence of composite sequences identified 13 phylogenetic lineages (Fig. 3b) , and these were identical to the 13 STs obtained from the allelic profiles. The identity between the 22 composite sequences was found to be between 98.3 and 100%. The composite sequence of ST-6 isolates from Richmond, Va. (TX0614, TX0615, TX0616, and TX0617, which showed 100% identity among the four isolates) have 99.93% identity (2,892 of 2,894 bases) with the composite sequence of ST-7 isolates from three different states (TX0638, TX0669, and TX0921, which were in turn 100% identical to each other).
Congruence between PFGE, MLST, and composite sequence-based typing methods. Analysis of the clusters in the phylogenetic trees generated by the methods described above identified 13 different genotypes versus 12 different PFGE types among the 22 E. faecalis isolates tested. Both sequencebased typing methods, i.e., MLST with four loci as well as the composite sequence alignment, confirmed the clonal relationships among isolates of PFGE patterns 1, 5, and 19. TX0921 (Bla ϩ ) obtained from Texas in 1981 showed the identical MLST type as the Pennsylvania Bla ϩ strain (TX0669) isolated in 1983 and also strain TX0638 (Bla ϩ ) isolated in Delaware in 1986, confirming our previous finding of widespread dispersion of this clone in the United States (29) . Sequence-based typing further confirmed that the three Bla ϩ clones from South 
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America and a single isolate from Lebanon as well as the single isolate from Connecticut were different from each other. Although there was an agreement among all three analyses, one apparent exception was the recognition of two different STs (containing multiple isolates) by sequence-based typing among isolates characterized as belonging to PFGE pattern 5. As pointed out earlier, four of these seven Bla ϩ PFGE type 5 isolates (ST-6) obtained from Richmond, Va., in 1990 to 1991 are identical at all four loci, while the other three PFGE type 5 Bla ϩ isolates (isolated 5 to 10 years earlier in different states) were classified as ST-7, which differs only by variation of two synonymous bases at the salA locus (i.e., these are single-locus variants [SLVs] ); all other isolates differed from these Bla ϩ isolates by two or more bases at this locus, as well as differing at other loci. While most MLST studies that deal with six or more loci would have clustered these single locus variants as a single clonal group, we did not do so because of the smaller number of loci studied. The ST-6 and ST-7 group of Bla ϩ isolates has previously been considered clonally related based on PFGE and repetitive sequence-based PCR (22) . This difference may be related to the use of a somewhat broader assignment of PFGE types (i.e., up to even six fragment differences were seen, depending on which two isolates were compared), while counting even a single base change in assigning the alleles of MLST.
Among other possibly related STs, three vancomycin-resistant outbreak isolates (ST-12) from Houston, Tex. (1994) are SLVs of another Houston vancomycin resistant 1996 isolate (ST-2), the only other SLV of this study. However, the ST-2 isolate has only 98.9% overall composite sequence identity with ST-12 isolates due to 33 scattered base changes in the ace locus. These vancomycin-resistant SLVs also show a relatively similar PFGE pattern when compared to the other isolates of this study. This, together with the identity at three of the four loci, raises the possibility that the extensive differences in ace may be due to horizontal exchange, as has been suggested to occur during conjugative transposition (49) .
The other possibly related composite sequences were those of the Connecticut Bla ϩ ST-13 isolate and the South American Bla ϩ ST-9 isolates; these differed by a 69-bp deletion at the ace locus and a single base change at the salA locus. However, the PFGE patterns of these two STs differed substantially.
Results from a prior study of MLEE found general agreement for most isolates tested by both PFGE and MLEE (Table 1). The MLEE study assigned the same ET to six of seven Bla ϩ isolates (all ST-6 isolates and two of three ST-7 isolates of this study), consistent with the PFGE pattern assignments. However, one ST-7 Bla ϩ isolate (TX0669, also PFGE type 5) was assigned a different ET, which was also the ET of Chile isolates in that study as well as another isolate JH2-2 (TX4000), which differed by PFGE (type VII) and MLST (ST-8). These various results, taken together, suggest the possibility of cross-contamination in the MLEE study and misassignment of the ET type of TX0669.
The phylogenetic trees of both the MLST (linkage distance derived from allelic variation [ Fig. 3a] ) and the composite sequence alignment (linkage distance derived from sequence divergence [ Fig. 3b]) confirmed the similar clustering of clonal and related isolates, in addition to differentiating the nonrelated (as defined by other techniques) isolates. However, an apparent difference was observed in interrelationships of possibly related isolates such as ST-2 and ST-12 that differed extensively at a single locus. The difference in the two schemes is related to the different criteria that were used to generate linkage distances, i.e., in MLST, for a given locus, equal weight was given for an allele with a single base change or multiple base changes, while in the composite sequence-based typing weight was given to every base change. At this stage, we are not able to draw any conclusion on the epidemiological significance of standard MLST approach versus the composite sequence approach due to our inadequate knowledge on relative rates of mutations/recombinations in enterococci. Evaluation of minimum number of loci needed for subtyping. We also examined the possibility that the sequence variation of fewer loci might be adequate for subspecies typing. The allelic profiles from two antigenic genes, namely, ace and salA, were found to be sufficient to distinguish all 13 STs. Similarly, the allelic profiles from a second pair of genes, ace and efaA, distinguished the 12 STs that match with the 12 PFGE types. These results indicate that the combined mutation rates of the ace, efaA, and salA polymorphic regions are comparable to the overall chromosome mutation rates that were detected by PFGE. Strains with different ace genes may have the same salA or efaA genes, or vice versa, as a result of differences in the rates of selection pressure or horizontal recombination as suggested for por and opa genes of Neisseria gonorrhoeae (50) . Similar to this idea, others have also applied sequence typing to one or two genes and successfully differentiated most isolates of N. meningitidis, N. gonorrhoeae, S. aureus, and S. pyogenes (1, 33, 38, 39, 41, 42, 45, 50) . A recent MLST study also used an antigen-encoding gene, in addition to housekeeping genes, to distinguish a meningococcal outbreak (13) .
We also identified the most polymorphic regions by examining the distribution of variable sites in the sequenced fragments of all four loci. Although the variations in ace are distributed evenly in the complete sequenced region, omission of 200 bases at the 3Ј end would not have affected the number of ace alleles identified. Designing the ace reverse PCR primer in the region between bp 910 and 880 (with reference to the start codon) would allow amplification of a PCR product in all 22 strains, thus resolving the problem of using different reverse amplification primers for some isolates (see Materials and Methods). Similarly, the first 377 bp of the sequenced region of salA has only one nucleotide variation, and omission of this 377-bp salA sequence did not affect the allele profile of this study.
In summary, we studied both micro-and macrovariation of E. faecalis isolates by sequencing three antigen-encoding genes and one housekeeping gene. Our results demonstrated that this sequence-based typing method was comparable to PFGE typing in differentiating E. faecalis at the subspecies level, including identification of outbreak isolates. DNA sequencing of ace and salA gene fragments appears to be as efficient as sequencing of all four genes for distinguishing isolates included in this study. 
